The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. response of the strained films, the optical conductivity was measured from 100 meV to 5 eV using spectroscopic ellipsometry (Fig. 1c) . With decreasing temperature, the film displays spectral weight transfer from a small polaron (~1.5 eV) peak to a sharp well- Fig. 3a ).
hidden metallic phase. Comprehensive single-shot pulsed excitation measurements demonstrate that the transition is cooperative and ultrafast, requiring a critical absorbed photon density to activate local charge excitations that mediate magnetic-lattice coupling that, in turn, stabilize the metallic phase.
These results reveal that strain engineering can tune emergent functionality towards proximal macroscopic states to enable dynamic ultrafast optical phase switching and control.
Precision tuning of the local environment in complex materials provides a route to control macroscopic functionality thereby offering a glimpse into how microscopic interactions conspire toward emergent behavior. Tuning can be achieved through doping, heterostructuring, epitaxial strain, or with applied static or dynamic electromagnetic fields, which includes photoexcitation 1, 2 . Examples include the melting of stripe order in a high-Tc cuprate in favor of superconductivity, the generation of a hidden phase in a layered dichalcogenide, and the observation of Floquet states in a topological insulator 3 4 5 . Transition metal oxides (TMOs) are of considerable interest with regards to dynamic tuning because of structure-function coupling arising, predominantly, from octahedral rotations and distortions 6 7 8 . The rich structure-function coupling results in a complex energy landscape with distinct optical signatures that facilitate identification of dynamic phase changes 9 10 . Doped rare-earth perovskite manganites, derived from the Mott-insulating parent compound ReMnO3 (Re = Pr, La, Nd), have proven fertile in the search for novel dynamics with a focus on the insulatorto-metal transition 11, 12, 13 14 15 that is strongly influenced from coupling between the lattice and the underlying electronic and magnetic structure 16 17 18 19 .
A state-of-the-art technique to mediate transition metal oxide properties is elastic strain engineering through epitaxial growth, from which new electronic states can emerge 20 21 . We effectively hide the low-temperature ferromagnetic metallic (FM) phase present in unstrained La2/3Ca1/3MnO3 (LCMO, Tc ≈ 260K) in favor of an antiferromagnetic insulating (AFI) phase 22 23 utilizing the anisotropic strain from NdGaO3 (001) substrates (see Supplementary information). The AFI phase originates from enhanced orthorhombicity of the LCMO lattice (Fig. 1b) where octahedral tilting and strain-enhanced Jahn-Teller-like distortion breaks the cubic symmetry, decreasing the Mn-O-Mn bond angle. This suppresses the ferromagnetism and d-electron itinerancy resulting in a low-temperature charge-ordered insulating state that evolves toward the conventional paramagnetic insulating phase at higher temperatures.
Figure 1a
shows resistivity measurements for a strained 30 nm LCMO film. In zero applied magnetic field, the film remains insulating at all temperatures (due to strain-enhanced orthorombicity 22 23 as depicted in Fig. 1d ). For fields above 3 T the insulating phase collapses becoming a ferromagnetic metal at low temperatures. Figure   1b details the phase diagram of strained LCMO as determined from the field-dependent transport measurements 22 23 . The FM and AFM phases coexist over the range from 0-3 T, depending on temperature. To characterize the time-integrated electrodynamic response of the strained films, the optical conductivity was measured from 100 meV to 5 eV using spectroscopic ellipsometry (Fig. 1c) . With decreasing temperature, the film displays spectral weight transfer from a small polaron (~1.5 eV) peak to a sharp well- Fig. 3a ).
As we now show, photoexcitation recovers the hidden FM phase of the strainengineered insulating LCMO films. The films were excited with 1.55 eV photon energy pulses (35 fs, see Supplementary information for details) resonantly exciting intersite Mn 3+ -Mn 4+ transitions (Fig. 1d,e) . Terahertz (THz) time domain spectroscopy was used to measure the photoinduced change in conductivity. The photoinduced phase transition from the insulating state to the "hidden" ferromagnetic metallic state is shown in Figure 2 and constitutes the main result of this work. In the absence of photoexcitation, there is no measureable THz conductivity, consistent with an insulating state and the optical conductivity measurements in Fig. 1c . In Figure 2 , the temperature of the LCMO is decreased from 120 K to 80 K in 5 K decrements. Two measurements of THz conductivity, before and after 1.55 eV photoexcitation (fluence ~ 2 mJ/cm 2 ), were performed at each temperature of the cooling process. At temperatures lower than 105 K, a persistent change of THz conductivity occurs after photoexcitation. When the sample was cooled by an additional 5 K (in the absence of photoexcitation), the conductivity remained constant, and only increased upon additional photoexcitation. The conductivity continued to increase and formed a steplike curve as a function of decreasing temperature until it reached the full metallic state conductivity of ~1,200 Ω -1 cm -1 at 80 K. Subsequently, the conductivity was measured with increasing temperature in the absence of photoexcitation. A monotonic decrease was observed with a return to the insulating state at 130 K. After finishing the thermal cycle, the THz conductivity was measured without any optical excitation. The LCMO film again remained insulating at all temperatures. The entire process could be repeated without permanent changes in the optical properties of the film.
The photoinduced THz conductivity (PTC) is stable as long as the temperature is maintained. Further, the maximum conductivity is the same value as obtained with a strong magnetic field. This is clear from the blue dots of Fig. 1a , where the PTC from Measuring the conductivity dynamics of the pristine AFI state following singlepulse excitation would provide insight into the photoinduced IMT but is not experimentally feasible on a shot-to-shot basis. Instead, we employed an all-optical single-shot ultrafast spectroscopic method 28 which faithfully represents the conductivity dynamics because of the aforementioned spectral weight transfer. Figure   3d shows the results of single-shot photoinduced reflectivity dynamics (R/R) probing at the peak of the intersite transition (1.7 eV) following 1.55 eV excitation. There is a decrease in R/R consistent with dynamic spectral weight transfer to THz frequencies and the IMT dynamics occur on a sub-picosecond timescale with no evidence of longer time-scale dynamics. This is consistent with an ultrafast nonthermal cooperative process driving the IMT. We have also monitored the spatial evolution of photoinduced metallic phase on a shot-to-shot basis ( Phenomenological Ginzberg-Landau (GL) modeling (see Supplementary informaition) suggests that magnetic-lattice (ML) coupling 30 is a crucial ingredient to obtain a metastable FM phase that persists over a well-defined range of temperatures in the absence of any sustained external influence. This is shown in Figure 4 , which plots the free energy for the case of weak and strong coupling between the lattice and the magnetization order parameters. In the limit of weak ML coupling (Fig. 4a, c) , distinct minima can exist for the lattice distorted state (A) and the ferromagnetically ordered state (B). A photoexcited trajectory going from A to B as described above is feasible.
However the shallow minimum of the metallic ferromagnetic state would, from thermal fluctuations, result in a rapid return to the lattice-distorted insulating phase. With increasing ML coupling, as depicted in Fig. 4 b, 
Optical Conductivity Characterization:
The optical conductivity 
THz Conductivity Measurements:
The output of 1 kHz, 3 W, 35 fs Ti: sapphire regenerative amplifier (Spectra-Physics Spitfire Pro XP) is used to provide 1.55 eV excitation pulses and generate single-cycle THz pulses by optical rectification in a ZnTe crystal. We use standard electro-optical sampling technique to measure the THz transmission through a bare NdGaO3 reference substrate and the LCMO/NGO sample. By calculating the phase and amplitude information of the THz pulses in the frequency domain, the THz conductivity or photoinduced change in the conductivity can be measured.
The results of the optical-pump THz probe measurements that measure the changes in the THz conductivity are shown in Supplementary Figure 4 for the same three films as Supplementary Figure 2 and 3. The intensity of the optical pump is 2 mJ/cm 2 . For the 15 nm as-grown film (Supplementary Figure 4 a) , the THz conductivity dynamics are consistent with previous studies 31 . For initial temperatures starting in the insulating phase (i.e. > 240K), the optical excitation induces a rapid 2 ps transient increase in conductivity. It quickly decays (1 ps) into a plateau with much longer lifetime. In the metallic phase, a fast decrease in conductivity from electron-photon equilibration occurs. This is followed by a slow component, corresponding to spin-lattice relaxation 31 .
In However, it is much weaker, and without persistent photoinduced persistent phase transition. The absence of the photo-induced phase transition in this film is due to the large strength of the elastic strain, such that a persistent metallic phase is no longer energetically favored.
Single-shot THz Conductivity measurement:
For the single shot THz conductivity measurements (Fig. 3 a-c) , the intracavity Pockels cell of the Ti:sapphire laser is disabled to stop the output of continuous pulses at 1 kHz.
To emit a single pulse a trigger signal is sent to enable the Pockels cell. In this way, a single laser pulse perturbs the sample. The subsequent THz conductivity measurement is performed after switching back to the 1 kHz output mode. This process is repeated on a shot-by-shot basis.
Single-shot Optical Pump-probe Spectroscopy:
Single-shot pump-probe spectroscopy (Supplementary Figure 5) was carried out using a dual-echelon single shot instrument 28, 32 . A single pump pulse excites the sample, and an array of probe pulses, generated by a pair of crossed echelons, probe the center of the pump spot, reflect off the sample, and are imaged on a CCD camera. This generates 400 probe pulses, spaced 23 fs apart. For each pump shot, two images of the echelons are recorded, a signal and background. The ratio of signal and background intensities is related to the pump-probe trace by
The laser system is a 1 kHz laser system, downcounted using a pockels cell/polarizer to 10 Hz, and further gated with shutters. The sample is pumped with a 70 fs, 800 nm pulse, and probed with the output of a non-collinear optical parametric amplifier (NOPA) tuned to 730 nm (1.7 eV) with a 50 fs pulsewidth. Figure 6) was taken simultaneously by imaging the white light source irradiated sample onto a CCD camera operating in the visible range.
Single-shot optical image (Supplementary

Photo-induced Metallic Phase Volume Fraction (Effective Medium Theory):
The volume fraction dynamics as a function of laser shots may be described by the following equation:
where fm is the volume fraction of the metallic phase, 1/α is the increase rate of photoinduced conductivity from laser shot to shot, N is the total number of laser pulses hitting the sample, and f1 is the volume fraction of metallic phase after the first laser shot.
We use the Effective Medium Theory (EMT) 33 to describe the conductivity of the persistent photo-induced state as follows:
where σm is the full metallic state conductivity, σi is the conductivity in the insulating phase, σeff is the effective conductivity, and d is the dimension of sample. Since the thickness of the LCMO film is 30 nm, we take two-dimensional form of the equation (d=2). This yields (taking σi = 0, and f1 to be 0.51 -i.e. percolation is reached after the first shot 34 (see Fig. 3a) ),
Equation 5
Plugging equation (2) into equation (4) yields:
Equation 6
Equation 5 was used to fit the data in Fig. 3b of the main text. For all three fluences α has an intensity independent value of ~8.5. From shot to shot, the change in the conductivity corresponds to an increase in the metallic volume fraction with a corresponding decrease in the insulating volume fraction.
Ginzburg-Landau model with biquadratic order parameter coupling:
We use phenomenological Ginzburg-Landau theory to explain the persistent photoinduced insulator-metal transition in strained LCMO through magnetic-lattice 
